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ABSTRACT 


Intravenous  injections  of  anthrax  toxin  consistently  produce 
pulmonary  edema,  cyanosis,  and  death  in  Fischer  344  rats.  A 
light  and  electron  microscopic  study  of  the  lungs  of  rats  sacri¬ 
ficed  serially  after  injections  of  toxin  revealed  diffuse  pulmonary 
edema  with  pronounce*  capillary  endothelial  cell  changes  followed 
by  widespread  thrombosis  of  pulmonary  capillaries. 
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Prow  lorn*  pego  mi  blank  » therefore  o&t  filmed* 


I.  INTRODUCTION 


It  hai  been  known  alnce  1955  that  Baclllua  an three la  producea  a  toxin,1 
but  lta  mechanism  of  action  haa  remained  unclear.*"* Previous  work  from 
thla  laboratory  haa  shewn  that  Flacher  344  rata  are  unusually  susceptible 
to  Intravenous  Inlectlona  of  ~athrax  toxin.  Hie  lethal  effect  of  the 
toxin  In  these  rats  la  so  rapid  and  predictable  that  this  experimental 
model  has  been  proposed  as  a  bloassay  for  anthrax  toxins.*  One  of  the 
prominent  associated  pathologic  features  In  these  animals  Is  the  devel¬ 
opment  of  pulmonary  edema,  in  order  to  gain  additional  information 
concerning  the  development  of  this  edema,  a  sequential  study  of  the 
lung  by  light  and  electron  microscopy  was  undertaken. 


II.  MATERIALS  AND  METHODS 


Male  Fischer  344  rats  weighing  200  to  300  grams  from  our  colony  were 
used  throughout  this  experiment.  The  toe  in  was  prepared  as  previously 
described7  and  was  sterilized  by  passage  through  a  membrane  filter 
(Mllllpore®).  Bach  rat  received  2  cc  of  toxin  intravenously.  This 
dose  was  more  than  that  required  to  hill  all  rats  and  regularly  resulted 
In  death  within  *0  to  70  minutes.  Most  of  the  rats  were  sacrificed  at 
30,  50,  and  60  minutes  with  an  Intravenous  Injection  of  30  mg  of  Nembutal9; 
a  few  were  allowed  to  die  spontaneously  of  toxin.  Some  rats  from  each 
time  period  were  Injected  Intravenously  with  1  cc  of  a  1:20  dilution  of 
India  Ink  (black  drawing  Ink,  S.S.  Stafford,  Inc.,  Mew  York,  H.Y.)  In 
saline  2  minutes  before  sacrifice.  All  Injections  were  made  through  the 
dorsal  vein  of  the  penis. 

Following  sacrifice  tUe  thorax  was  opened  and  the  lungs  were  removed. 
The  right  lung  was  perfused  vigorously  through  the  bronchus  with  Millonlg'e 
buffer  containing  21  osmium  tetroxlde.  A  perfused  lobe  was  sliced  with  a 
racer  blade  and  l -mm  cubes  of  tissue  were  cut  from  the  central  portions 
of  the  specimen  and  placed  In  additional  fixative.  Dehydrated  blocks 
were  embedded  In  Epon.  Ultrathln  sections  cut  with  a  diamond  knife  were 
stained  with  uranyl  acetate  and  examined  with  an  tCA  EMD-3G  electron 
microscope.  One-micron -thick  sections  were  also  prepared  for  light 
microscopy.  The  left  lung,  kidneys,  hea-t,  brain,  liver,  and  spleen 
were  removed  and  placed  In  101  buffered  formalin.  Six -micron -thick 
paref fin-embedded  sections  of  those  tissues  were  prepared  for  routine 
light  microscopy. 


A.  THIRTY  MINUTES  AFTER  1’GKIN  INJECTION 


Before  being  sacrificed  30  minutes  efter  toxin  injection,  the  rats 
shaved  no  signs  of  illness.  The  lungs  collapsed  upon  opening  the  chest, 
appeared  nornal,  and  were  of  norms  1  weight ,  The  pleural  cavities  con¬ 
tained  no  demonstrable  fluid.  In  the  routine  sections  of  the  lungs  the 
alveoli  were  collapsed  and  the  capillaries  were  filled  with  erythrocytes 
eud  contained  no  carbon  particles  (Fig.  1).  The  adventitia  around  the 
pulmonary  arteries  and  veins  was  collapsed  and  narrow.  Routine  histologic 
sections  of  all  other  org**ts  were  essentially  normal.  The  one-micron 
sections  of  the  lungs  also  appeared  normal  (Fig.  2).  The  pulmonary  capil¬ 
laries  were  filled  with  blood  and  the  endothelial  cells  lining  the  capil¬ 
laries,  the  alveolar  epithelial  cells,  and  the  alveolar  macrophages  were 
clearly  discernible. 

Electron  microscopic  examination  of  the  lungs  revealed  normal  pulmonary 
ultrastructure.*  The  capillary  walls  were  completely  lined  by  a  thin 
cytoplasmic  extension  of  the  endothelial  cells  and  the  alveoli  were  lined 
by  a  continuous  layer  of  epithelial  cell  cytoplasm.  The  basement  membrane 
of  the  pulmonary  capillaries  appeared  as  a  thin,  homogeneous,  electrcm- 
densc  structure  separating  these  two  cytoplasmic  layers.  Both  epithelial 
and  endothelial  cells  contained  many  small,  plnoeytotlc  vesicles  as  well 
as  the  usual  cytoplasmic  organeies.  When  the  cytoplasmic  processes  of 
adjacent  epithelial  or  endothelial  cells  met,  the  cell  walls  were 
thickened  to  form  desmoeomes  (Fig.  3). 


B.  FIFTY  MINUTES  AFTER  TOXIN  INJECTION 

Fifty  minutes  after  toxin  injection  the  rats  showed  early  signs  of  the 
lethal  effect  of  the  toxin,  consisting  of  the  gradual  development  of  rapid 
shallow  respiration.  After  sacrifice  tha  Lungs  were  voluminous  and  heavy. 
There  were  small  hyparamlc  areas  measuring  up  to  2  am  scattered  throughout 
the  pulmonary  parenchyma.  The  pleural  cavities  contained  little  or  no 
fluid.  Thors  was  no  gross  evidence  of  carbon  staining  of  tha  lungs  in  the 
rata  injected  with  ink.  The  microscopic  examination  of  routine  sections 
of  the  lungs  shewed  evidence  of  widespread  pulmonary  edesu  (Fig.  4).  Many 
of  the  alveoli  were  filled  with  fluid  end  there  was  marked  perivascular 
adeem.  An  occasional  rare  capillary  filled  with  carbon  particles  was  seen 
in  tha  sections  of  lung  injected  with  ink.  Lifht  microscopic  study  of  tha 
one -micron-thick  sections  of  tha  lung  revealed  soma  subtle  changes  in  tha 
pulmooary  capillaries.  The  lumen  of  many  capillaries  contained  vary  few 
erythrocytes  and  ware  often  bridged  by  delicate,  pale  staining  meabranee 
(Fig.  S).  Electron  sdcrogrephs  roves led  these  —st  nines  to  k  reflections 
of  the  cytoplasmic  processes  of  the  capillary  endothelial  cells  (Fit*  6 
and  7).  Large  eleer  spaces  had  formed  between  the  thin  cytoplaamic 
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processes  of  many  endothelial  cells  and  the  underlying  basement  membrane. 
These  spaces  occasionally  contained  some  cytoplasmic  fragments  but  were 
usually  filled  *rith  structureless  material.  Carbon  particles  were  seen 
neither  within  these  subendothellal  spaces  nor  along  the  exposed  brsement 
membranes.  The  rare  carbon-filled  capillaries  seen  in  the  routine  light 
microscopic  sections  cf  the  lung  were  not  found  in  the  much  smaller 
sections  prepared  for  electron  microscopy.  No  changes  were  observed  in 
the  basement  membranes,  the  junctions  between  adjacent  endothelial  cells, 
the  alveolar  epithelial  cells,  or  the  endothelial  cells  lining  the 
pulmonary  veins  and  arteries. 


C.  SIXTY  TO  SEVENTY  MINUTES  AFTER  TCKIN  INJECTION 

Sixty  to  seventy  minutes  after  toxin  injection  the  rats  were  near  j 

the  terminal  stage  of  their  illness.  They  assumed  a  prone  position  and 
had  rapid  labored  respirations.  By  this  time  all  rats  had  cyanosis  of 
the  feet  and  eyes.  At  death  frothy  fluid  often  poured  out  of  the  nose. 

The  lungs  were  very  heavy  and  contained  many  hemorrhagic  areas  measuring 

up  to  3  mm.  There  were  many  small  areas  of  carbon  staining  in  the  lungs  S 

of  the  rats  injected  with  ink.  Each  pleural  cavity  contained  about  1  cc  ] 

of  clear  fluid.  The  routine  histologic  sections  of  the  lungs  showed 

evidence  of  marked  alveolar  and  perivascular  edema  and  some  hemorrhage. 

Most  of  the  pulmonary  capillaries  and  some  of  the  small  veins  were  filled 
with  clumps  of  carbon  particles  (Fig.  8).  The  nusfcei  of  capillaries  filled 
with  carbon  particles  Increased  as  the  rats  neared  the  terminal  stage  of 
illness.  The  larger  pulmonary  blood  vessels  contained  no  carbon.  The 
only  morphologic  changes  observed  in  the  other  organs  consisted  of 
occasional  carbon-filled  capillaries  in  the  renal  glomeruli,  the  heart, 
and  the  brain. 

Light  microscopic  examination  of  the  me -micron -thick  sections  of  the 
lung  showed  that  the  ink  part4cles  were  trapped  in  small  granular  thrombi 
within  the  lumen  of  many  capillaries  (i  .9).  Electron  micrographs 
revealed  these  thrombi  to  be  composed  largely  of  platelets*  (Fig.  10) 
end  granular  fibrin  containing  carbon  particles  (Fig.  11).  The  cyto- 
p la sale  processes  of  the  endothelial  cells  were  intact  in  these  throm¬ 
bosed  capillaries.  Numerous  large  subendothellal  spaces  still  remained 
a  prominent  feature  in  the  terminal  stages  of  the  disease  (Fig.  11). 

Occasional  capillaries  contained  ink-laden  macrophages.  There  was  no 

definite  evidence  of  endothelial  cell  lysis  and  no  morphologic  changes 

were  observed  in  the  endothelial  cell  junctions,  the  basement  membranes,  j 

the  alveolar  epithelial  cells,  or  the  endothelial  cells  lining  the 

pulmonary  arteries  and  veins.  Numerous  thrombi  were  a!«o  seen  in  the 

pulmonary  capillaries  of  terminal  rats  not  Injected  with  irk.  j 
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These  first  three  figures  illustrate  material  taken  from  the  lung  of 
a  rat  sacrificed  30  minutes  after  intravenous  Injection  of  2  cc  of  toxin 
and  2  minutes  after  the  intravenous  Injection  of  India  ink. 

Figure  1.  The  Lung  Appears  Normal  in  this  Routine  Unperfused  Section. 

Many  alveoli  are  collapsed  and  there  is  no  evidence  of  peri¬ 
vascular  edema  or  carbon  staining  of  the  pulmonary  capillaries. 
Hematoxylin  and  eosln.  X  70. 

Figure  2.  One -Micron -Thick  Section  Showing  Normal  Pulmonary  Capillaries. 
Hematoxylin.  X  1,200. 

Figure  3.  Electron  Micrograph  of  the  Hall  of  a  Pulmonary  Capillary.  The 
capillary  lumen  is  almost  filled  with  an  erythrocyte  (Rbc). 

The  endothelial  (End)  and  epithelial  (Epl)  cell  cytoplasmic 
processes  are  intact.  A  normal  junction  (Jet)  between* adjacent 
endothelial  cells  is  thickened  to  form  a  desmosome.  The  capil¬ 
lary  basement  membrane  appears  as  a  thin  electron -dense  layer 
separating  the  two  cytoplasmic  processes.  Uranyl  acetate. 

X  27,000. 
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These  three  photomicrographs  were  taken  from  the  lung  of  a  rat  sacri¬ 
ficed  50  minutes  after  the  Intravenous  Injection  of  2  cc  of  toxin  and  2 
minutes  after  the  Intravenous  Injection  of  India  Ink. 

Figure  4.  Routine  Histologic  Section  of  the  Unperfused  Lung.  The  alveoli 
are  partly  filled  with  fluid  sad  there  Is  perivascular  edema. 
There  are  no  carbon-filled  capillaries  in  this  photograph. 
Hematoxylin  and  aosln.  X  70. 

Figure  5.  The  Capillaries  in  this  One -Micron-Thick  Section  Contain  very 
Fiw  Erythrocytes  and  Their  Lumen  are  Often  Bridged  by  Thin 
Pule  Membranes .  Basic  fuehsln.  X  1,100. 

Figure  6.  Tee  Capillary  Lumen  (Cap)  Contains  Two  Large  Vesicular  Structures 
Resulting  from  the  Accumulation  of  Fluid  Between  the  Thin 
Cytoplasmic  Processes  the  Endothelial  Call  and  the  Basement 
Meafcrane.  The  endothelial  cell  junction  (Jet)  Is  Intact. 

Uraayl  acetate.  X  12,700. 
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Tlgura  7.  Tha  Cyt  op  Lassie  Process  of  this  Bndothellal  Coll  (Bad)  has 
Separated  fro*  It*  Basement  Hoabraac  aad  1*  D* floe tod  Aero** 
the  Capillary  Luaem  (L),  thu*  Forming  a  largo  Subendothellal 
Spoco  (8).  Tho  ondothollal  coll  ha*  no  other  changes  ladle* • 
tiro  of  eytolysl*.  The  oplthollal  coll  ooabraao  (Kpl)  1* 
normal  and  tho  oplthollal  coll  junction  (Jet)  1*  unaltered. 

Uranyl  aeotato.  X  19,000. 

Figure*  8  and  9  aro  Photograph*  of  Section*  Taken  from  Lung*  of  tat*  60 
to  70  Minute*  after  Receiving  Toxin  aad  2  Minute*  after  Being 
Injected  with  India  Ink. 

Figure  8.  This  Section  1*  from  the  Lung  of  a  Eat  that  Died  70  Minute* 

after  Receiving  Toxin,  There  la  narked  perivaacular  aad  alveolar 
adeem.  Moat  of  the  pulmonary  capillaries  are  filled  with  black 
Ink  particle*.  Hematoxylin  aad  eoeln.  X  70. 

Figure  9.  Thl*  One-Micron -Thick  Section  ha*  Many  Pulmonary  Capillar  •• 
Filled  vlth  Small  Granular  Thrombi  that  Contain  Ink  Particle*. 
Basic  fuchsia.  X  1^00. 


Figure*  10  and  11  ahov  photo*ierog_-a.>ha  of  aectlona  taken  from  lunga 
of  rata  60  to  70  minute*  -ft 'r  receiving  toxin  and  2  mlnutaa  after  being 
injected  with  India  Ink. 

Figure  10.  Thla  Pulmonary  Capillary  (Cap)  la  Occluded  by  a  Platelet 

Throabua  Containing  Clump  a  of  Electron-Denae  Carbon  Part  Idea 
(C).  The  endothelial  cell  eytoplaem  la  In*  let,  Ur any 1 
acetate.  X  10,000. 

Figure  11.  The  Lumen  of  thla  Pulmonary  Capillary  Contalna  a  Large 

Macrophage  (M)  with  Many  Dark  Carbon  Part  Idea.  A  platelet 
throabua  partly  occlude*  the  lumen.  The  endothelial  cell 
meafcrane  la  aaparatad  from  the  baaemant  membrane  In  one 
area.  The  endothelial  cell  junction  (Jet)  la  Intact. 

Ur any 1  acetate.  X  13,000. 
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Secant  itodiM  hm  than  that  most  «ia spies  of  increased  vascular 
permeability  can  b«  divided  into  two  categories.  Hm  first  consists  of 
those  experimental  models  la  which  vascular  leakage  is  induced  by  ondo- 
genous  nulstors  such  es  histamine  or  serotonin  sad  ere  characterised 
by  their  iumsdiat*  onset  end  transient  response.  Electron  microscopic 
studies  of  these  experimental  models  here  boon  unable  to  demonstrate 
say  alterations  in  capillary  endothelium  but  here  dim  a  separation 
of  the  endothelial  calls  lining  the  ranules.  The  second  type  of  vascular 
leakage  results  from  die  direct  effect  of  various  agents  upon  the  eapil* 
lary  endothelial  cells.  Scaup  las  of  this  type  of  increased  permeability 
are  those  caused  by  bacterial  toxins,  aainoeocleoslde,  and  hast. 

The  vascular  leakage  la  these  experismntal  models  is  characterised  by 
a  delayed  onset  and  a  suets  land  response.  Electron  microscopic  studies 
of  these  satperiasntsl  models  hare  demonstrated  alterations  in  the 
the lie!  cells  lining  the  capillaries. 


Ihe  present  experimental  nodal  would  boot  belong  to  tko  letter  group 
of  reactions.  Physiologic  studies  of  the  pulmonary,  peritoneal,  sad 
subcutaneous  vascular  bade  have  sheer  that  the  vascular  leakage  caused 
by  anthrax  toxin  has  e  delayed  onset  end  e  sustained  reepogee.  the 
electron  microscopic  studios  of  the  lungs  Asm  n  marked  alteration  of 
capillary  structure,  which  coincides  with  the  rapid  development  of 
onlmOnarv  adorns. 

The  experimental  evidence  present sd  here  indicates  that  anthrax 
toxin  causes  the  rapid  death  of  Fischer  rate  by  altering  the  physical 
properties  of  the  mmdhranss  of  the  endothelial  cells  lining  the  pul¬ 
monary  capillaries,  uhleh  results  in  increased  permeability  with  diffuse 
fulmsuary  edema  ami widespread  capillar y  thrsshoela.  Hm  rats  apparently 
die  of  hypoxia  cawsod  by  pulmonary  edema  end  pnlmsnsxy  capillary  thrombosis 
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